During aging and degeneration, many changes occur in the structure and composition of human cartilaginous tissues, which include the accumulation of the AGE (advanced glycation endproduct), pentosidine, in long-lived proteins. In the present study, we investigated the accumulation of pentosidine in constituents of the human IVD (intervertebral disc), i.e. collagen, aggrecanderived PG (proteoglycan) (A1) and its fractions (A1D1-A1D6) in health and pathology. We found that, after maturity, pentosidine accumulates with age. Over the age range studied, a linear 6-fold increase was observed in pentosidine accumulation for A1 and collagen with respective rates of 0.12 and 0.66 nmol · (g of protein)
INTRODUCTION
The accumulation of age-related intermolecular cross-links is an accompaniment of aging in long-lived proteins [1] [2] [3] [4] . One of the pathways for cross-link formation is via a post-translational non-enzymatic glycation, known as the Maillard reaction, resulting in the formation of AGEs (advanced glycation end-products) such as CML [N ε -(carboxymethyl)lysine], CEL [N ε -(carboxyethyl)lysine] and pentosidine. The formation of pentosidine is initiated by the non-enzymatic condensation of a sugar molecule with the ε-amino group of lysine residue or the ε-guanidino group of an arginine residue to form a reversible Schiff base adduct, which undergoes further rearrangement to form an Amadori product. This Amadori product undergoes Maillard reactions that result in the formation of AGEs. One of these AGEs, pentosidine, is considered a reliable and well-characterized measure of nonenzymatic glycation in collagen [1, 5, 6] . The pathway is not regulated and can be influenced by the type and concentration of sugar, the availability of free amino acids on the protein, and by the protein half-life. The cross-link formation is irreversible; thus long-lived proteins such as lens crystallin and collagen are susceptible to AGE accumulation [1, 4, [6] [7] [8] [9] .
Differences in AGE levels have been attributed, among other factors, to differences in protein turnover rates [7] . Thus pentosidine levels differ considerably between collagens of different tissues, e.g. articular cartilage and skin [1, 7, 10] , between different constituents of the same tissue, e.g. aggrecan and collagen of articular cartilage [11] as well as between healthy and osteoarthritic tissues [11] . Pentosidine levels increase with decreasing size and buoyant density of the aggrecan monomers, which is attributable to a decrease in protein turnover rates [11] . The correlation between the increase in pentosidine levels and the D/L-isomerization of aspartic residue in articular cartilage, the latter considered as a probe of protein half-life, was taken to suggest that turnover rate is also a major determinant of pentosidine accumulation in the tissue [7] .
Collagen of the IVD (intervertebral disc) may be particularly susceptible to cross-linking by glycation due to low oxygen tension that favours these reactions. Indeed, studies by Hormel and Eyre [12] and Yang et al. [13] showed an age-related increase in collagen-associated fluorescence in the IVD, some of which is probably related to the presence of pentosidine. The physiological consequence of these additional cross-links is unknown, but they are expected to affect the biomechanical properties of the tissue. In particular, in articular cartilage, they cause an increase in stiffness as well as a decrease in resilience of the collagen network [13, 14] . Therefore the physicochemical characterization of aging in a loadbearing tissue would, of necessity, include the measurement of the Abbreviations used: AF, annulus fibrosus; AGE, advanced glycation end-product; BCA, bicinchoninic acid; DMMB, Dimethylmethylene Blue; GAG, glycosaminoglycan; GdnHCl, guanidinium chloride; IVD, intervertebral disc; NP, nucleus pulposus; PG, proteoglycan. 1 To whom correspondence should be addressed, accumulation of AGE-related cross-links. In the present study, we have concentrated on pentosidine, one of the three major AGEs found in cartilaginous tissues.
In the present study, pentosidine levels in collagen, aggrecanderived PG (proteoglycan) (A1) and aggrecan-derived components of different buoyant density (A1D1-A1D6) were studied in both normal and degenerate human IVD as a function of age. The protein turnover rate constants previously obtained from the racemization of aspartic residue in IVD [15, 16] were used in order to calculate the pentosidine formation rates for collagen and the various forms of aggrecan. Comparable values for the rate of pentosidine formation were obtained for collagen and aggrecan. Thus steric factors influencing cross-link formation as well as the availability of sugar molecules appear to be similar for both of these IVD constituents. Since a much higher accumulation of pentosidine is found for collagen, this can be attributed to its lower turnover rate [7, 15, 17] . We also found that pentosidine levels were higher in normal as compared with degenerate tissue, where increased turnover has been reported [18] [19] [20] .
EXPERIMENTAL

Materials
Caesium chloride (CsCl), chondroitinase ABC (EC 4.2.2.4), Streptomyces hyaluronidase (EC 3.2.1.35), trypsin (EC 3.4.21.4), chondroitin sulfate, glucuronolactone, papain, ε-amino-hexanoic acid, benzamidine, N-ethylmaleimide, L-cysteine hydrochloride, pyridoxine, DMMB (Dimethylmethylene Blue) and homoarginine were obtained from Sigma (St. Louis, MO, U.S.A.). Pepsin, EDTA, heptafluorobutyric acid, 9-fluorenylmethyl chloroformate and GdnHCl (guanidinium chloride) were from Fluka (Buchs, Switzerland). BCA (bicinchoninic acid) kit for protein determination was from Pierce (Rockford, IL, U.S.A.). Analytical grade chemicals were used when available.
Tissue sampling
Lumbar and thoracic discs from healthy (ages 22-87 years, n = 15) and pathological (ages 30-77 years, n = 14) specimens were obtained post mortem or during routine surgical procedures for treatment of herniation or IVD degeneration. In the present study, healthy IVD will be referred to as 'normal' and pathological IVD as 'degenerate'. All discs were divided into NP (nucleus pulposus) and AF (annulus fibrosus), diced or cryosectioned into 20 µm slices and stored at − 20
• C until analysed.
Extraction and purification of PG (A1)
The extraction of A1 from NP and AF was carried out for 48 h at 4 • C in 10 vol. of 4 M GdnHCl containing proteinase inhibitors in 50 mM Tris buffer [10 mM N-ethylmaleimide, 25 mM EDTA, 25 mM ε-amino-hexanoic acid and 5 mM benzamidine (pH 7.4)] [21, 22] . The extracts were clarified by centrifugation at 12 000 g for 40 min at 4
• C and exhaustively dialysed against the same buffer containing no GdnHCl. The A1 preparations were separated from other tissue proteins by associative CsCl equilibrium density-gradient centrifugation at a starting density of 1.5 g/ml at 50 000 rev./min for 48 h at 10
• C (60.2 Ti) [23] . A1 was then recovered from the densest fraction of the gradient (density greater than 1.59 g/ml). This method should eliminate most of the matrix proteins or PGs that do not interact specifically with hyalyronan, as they will sediment in the lower density fractions. Versican may be present in the A1 preparations, but its abundance is much lower than that of aggrecan in the IVD. All A1 fractions were assayed for density, GAG (glycosaminoglycan) [24] and protein content. The A1 fractions contain a mixture of intact aggrecan and its proteolytic degradation products, some of which are in the form of PG aggregate via their interaction with hyaluronan.
Isolation of aggrecan subfractions (A1D1-A1D6)
A1 fractions were further separated by means of dissociative CsCl density-gradient centrifugation in the presence of 4 M GdnHCl (50 mM Tris buffer, pH 7.4) at a starting density of 1.5 g/ml with centrifugation at 50 000 rev./min for 48 h at 10
• C (60.2 Ti), and subsequently fractionated into aggrecan components of decreasing buoyant density (A1D1-A1D6) [17] . All fractions were exhaustively dialysed against distilled water, assayed for density, GAG [24] and protein content and freeze-dried. GAG-rich aggrecan components, including intact aggrecan and its GAGrich fragments, sediment at higher density than small protein-rich fragments; A1D6 fraction, which sediments at the lowest density, includes also link protein.
In addition, aggrecan subfractions (A1D1-A1D4) from individuals aged 24 and 56 years were recovered from the aggregated portion alone of the A1 fractions. Briefly, the A1 fractions (8-12 mg/ml) were fractionated by gel filtration through a Sepharose CL-2B column (100 cm × 2.5 cm) at a flow rate of 30 ml/h using 0.2 M sodium acetate (pH 5.5). Fractions were divided into aggregated PGs eluting at the void volume (A1Vo preparation) and non-aggregated PGs eluting in the included volume (A1Vi1 and A1Vi2 preparations). The aggregated PG preparation was further fractionated to yield the aggrecan subfractions (A1D1-A1D4) by means of dissociative CsCl density-gradient centrifugation in the presence of 4 M GdnHCl at a starting density of 1.5 g/ml. The resulting fractions were assayed for GAG and protein contents.
Determination of GAG content
For determination of sulfated GAG content derived predominantly from aggrecan, 100 µl samples were analysed using the DMMB dye-binding assay [24] , with chondroitin sulfate as a standard.
Determination of protein content
The BCA TM Protein Assay (Pierce) based on BCA for the colorimetric detection and quantification of total protein was used. BSA was used as a common standard.
Purification of collagen
Collagen was purified by depleting the tissue of all the PGs and non-collagenous protein using sequential enzymatic treatment with chondroitinase ABC (0.125 unit/ml in 0.05 M Tris buffer/ 0.06 M sodium acetate, pH 8.0, for 24 h at 37
• C), Streptomyces hyaluronidase (1 unit/ml in 0.05 M Tris buffer/0.15 M NaCl, pH 6.0, for 24 h at 37
• C) and trypsin (1 mg/ml in 0.05 M NaHPO 4 /0.15 M NaCl, pH 7.2, for 16 h at 37
• C) as previously described by Schmidt et al. [25] . Using this method, over 97 % of the non-collagenous molecules are removed from the tissue [6] . Collagen content on a dry tissue basis was determined by hydroxyproline analysis [26] of papain-digested tissue samples by using a conversion factor of 7.6 [27] .
Pentosidine and amino acid analysis
Pentosidine and amino acid content were determined by HPLC as previously described [28, 29] . Samples were hydrolysed in 6 M HCl at 100
• C for 20-24 h and dried. Samples were then dissolved in an internal standard solution containing 10 µM pyridoxine and 2.4 mM homoarginine. For pentosidine analysis, samples were diluted 5-fold with 0.5 % (v/v) heptafluorobutyric acid in 10 % (v/v) acetonitrile and analysed by HPLC. An aliquot of the samples used for pentosidine analysis was diluted 50-fold with 1 M sodium borate buffer (pH 11.4) and derivatized with 9-fluorenylmethyl chloroformate for HPLC amino acid analysis. The pentosidine content of the collagen and aggrecan samples is expressed either as nmol/g of protein {assuming a molecular mass of 300 kDa for a triple helical collagen molecule [29] , 264 kDa for the aggrecan core protein, and 36 kDa for the G1-domain of aggrecan (the hyaluronan-binding domain in the core protein, through which aggrecan monomers are attached to hyaluronan; this interaction is being stabilized by the presence of a link protein} [30] or as mol of pentosidine/mol of lysine.
Calculation of the rate constant of pentosidine formation
The rate of pentosidine accumulation is controlled by two competing processes: the formation of the pentosidine cross-link on the one hand, and the protein turnover on the other. The equation used to determine the pentosidine formation rate constant is:
where [pentosidine/lysine] is the molar ratio of pentosidine to lysine; k F is the rate constant of formation of pentosidine with units year −1 ; k T is the protein turnover rate constant with units year −1 . It is clear that the rate of pentosidine accumulation will increase with increase in the formation rate, and will decrease with increase in the protein turnover rate. Pentosidine formation is influenced by the availability of sugar as well as steric factors that may hinder cross-linking. If two samples have similar pentosidine formation rates, then differences in accumulation will be determined by differences in the protein turnover rate. Details concerning the use of this equation are given in the Supplemental data (at http://www.BiochemJ.org/bj/399/bj3990029add.htm). The values of k T were obtained for collagen [16] and aggrecan [15] , using the racemization of aspartic residue as a marker.
Statistical analysis
Linear regression analysis of the age-related pentosidine increase in NP and AF (normal and degenerate) obtained from aggrecanderived PG (A1) or collagen was performed. The statistical significance of the differences in pentosidine accumulation (i) between normal young and elderly aggrecan subfractions, A1D1-A1D6 and (ii) between aggregated and non-aggregated PGs was analysed using two-factor ANOVA including the Tukey post hoc test and interactions. In all cases studied, P < 0.05 was considered to represent a statistically significant difference.
RESULTS
Age-related changes in pentosidine levels in aggrecan and collagen from IVD
After maturity (> 20 years), pentosidine accumulation [expressed as nmol · (g of protein)
−1 ] increases linearly with age in collagen and aggrecan obtained from normal human IVD (Figure 1 ), a behaviour that is similar to that found for articular cartilage [11] . Over the age range from 22 to 66 years (the value of pentosidine accumulation for aggrecan at the age of 66 years is interpolated from the linear fit equation: Y = 0.1X + 0.086), a 6-fold increase was observed in pentosidine accumulation for both collagen and aggrecan with respective rates of 0.66 and 0.12 nmol · (g of protein)
−1 · year −1 . Linear regression analysis showed similarity (P > 0.05) in pentosidine accumulation with age between NP and AF in both aggrecan and collagen; therefore the linear best-fit lines presented in Figure 1 are based on pooled data from both NP and AF (r = 0.92 for aggrecan and r = 0.95 for collagen). However, a significant difference in pentosidine accumulation was observed between aggrecan (A1 fraction) and collagen (linear regression analysis, P < 0.002).
Pentosidine levels in aggrecan subfractions (A1D1-A1D6)
Pentosidine levels in aggrecan subfractions obtained from normal young (22 years) and elderly (62 years) tissue are presented in Figure 2 (results are averages between NP and AF). For the elderly samples, pentosidine levels increase monotonically with decreasing buoyant density of the aggrecan, i.e. from A1D1 to A1D6, suggesting different protein half-lives of these fractions in the tissue; for the young sample, the increase is much more moderate. Using two-factor ANOVA, a statistically significant difference (P < 0.02) was noted between young and elderly subfractions, except for A1D1. A comparison of means between the different subfractions (independent of age) revealed significant differences in pentosidine accumulation (P < 0.05) only between A1D1 and A1D5-A1D6 and also between A1D2 and A1D6.
The protein-rich fragments of aggrecan bearing the G1-domain (A1D6) are relatively rich in arginine and lysine residues as compared with more intact aggrecan core proteins [30] . Thus the increase in pentosidine accumulation for the elderly samples could be due to the higher concentration of lysine and arginine, as the proportion of free G1-containing components increases with age. However, correction of pentosidine levels for the lysine content showed that pentosidine levels increase from A1D1 to A1D6 regardless of lysine content [e.g. from 12.5 to 49 µmol of pentosidine · (mol of lysine) −1 for the 62-year-old individual]. The increase in pentosidine could be correlated with the corresponding protein half-life (as determined from the accumulation of Daspartic residue [15] (Figure 3) , suggesting that pentosidine accumulation may be a reliable measure of protein turnover.
Pentosidine levels in aggrecan from normal and degenerate IVDs
Pentosidine accumulation in aggrecan (A1) obtained from degenerate discs was significantly lower (linear regression, P < 0.002) than that obtained from normal ones. In both cases, pentosidine accumulation, expressed as nmol/g of protein, increased linearly with age (r = 0.92 for normal aggrecan; r = 0.90 for degenerate aggrecan) ( Figure 4A ). Over the age range 31-77 years, an increase of more than 3-fold was observed in the amount of pentosidine in aggrecan from normal and degenerate tissues, with respective rates of 0.12 and 0.05 nmol · (g of protein)
−1 · year −1 . This suggests that turnover is more rapid in pathological tissue. Correlation of pentosidine accumulation with protein half-life for different ages, both normal and degenerate, supports the idea that turnover is a controlling factor in pentosidine accumulation ( Figure 4B ). The fact that lower accumulation correlates with shorter half-life suggests that aggrecan from degenerate tissue is 'younger'. This could be due either to increased synthesis of the intact monomer in degenerate tissue, similar to the case of osteoarthritis in articular cartilage [18, 32] , or to an increased rate of removal of small aggrecan fragments and link protein from the tissue [20] . 
Pentosidine levels in aggregated and non-aggregated PGs from normal IVD
In addition to the dissociative CsCl preparation method, nondenaturing gel permeation chromatography (Sepharose CL-2B) was also employed to separate normal A1 preparations into aggregated and non-aggregated components. Figure 5 (inset) shows a typical elution profile (A1 prepared from a 24-yearold donor) of three fractions representing aggregated PGs (Peak A1Vo) and large and small non-aggregated PGs (peaks A1Vi1 and A1Vi2 respectively). The above fractions were characterized with respect to their pentosidine content. The fact that no significant difference (P > 0.05) was observed between pentosidine content of aggregated (A1Vo) and non-aggregated fractions (A1Vi1 and A1Vi2), from the 24-year-old individual ( Figure 5) , suggests that the non-aggregated PGs were synthesized at the same time as the aggregated PGs and that both PG types exhibit similar retention times in the IVD, as previously found using racemization of aspartic residue as a marker [15] . The fact that the pentosidine content of the non-aggregated PGs is significantly lower (P < 0.016) than that of aggregated PGs in the 56-yearold individual implies that some of the non-aggregating PGs are preferentially lost, and it is most likely that these are the smaller fragments with higher amounts of pentosidine. Throughout life, there is probably continual degradation of the non-aggregated PGs and once they reach a critically small size, they will be lost Pentosidine accumulation in aggregated (A1Vo) and non-aggregated PGs (A1Vi1 and A1Vi2) obtained from normal young (24 years) and elderly (56 years) human IVDs after gel filtration chromatography through Sepharose CL-2B. The inset in the upper right corner depicts typical elution profiles of A1 preparations from AF (solid line) and NP (dashed line). PG elution was assessed by the DMMB dye-binding assay and monitored by absorbance at 530 nm (E 530 ). The void (Vo) and total (Vt) volumes of the column are indicated, together with the fractions that were pooled to yield A1Vo, A1Vi1 and A1Vi2 preparations. A significant difference (P < 0.016) in pentosidine accumulation was observed between aggregated and non-aggregated PGs of 56 years, using Student's t test, whereas no differences were observed for the young tissue.
from the disc by diffusion. This implies that the smallest nonaggregated molecules will be derived from the oldest aggrecan molecules and hence will have the highest pentosidine content.
Pentosidine levels in collagen from normal and degenerate IVDs
The rate of accumulation of pentosidine in collagen was measured to be between 5 and 6 times higher than that in aggrecan (A1) (Figure 1 ). However, as was also found for aggrecan, levels in degenerate tissue were significantly lower (linear regression, P < 0.002) than those measured in normal tissue ( Figure 6A ). Here also, pentosidine content increases linearly with age (r = 0.95 for normal collagen; r = 0.92 for degenerate collagen), with over a 5-fold increase for normal collagen as compared with a 3-fold increase in the degenerate collagen over the entire age range. The corresponding rates are 0.7 and 0.3 nmol · (g of protein)
−1 · year −1 , suggesting that, as in the case of aggrecan, turnover is more rapid in pathological tissue. No statistical difference (P > 0.05) was found between pentosidine accumulation in NP as compared with AF in both normal and degenerate tissues, in agreement with previous findings for degenerate and scoliotic discs [31] . The relationship between pentosidine accumulation and protein half-life obtained for collagen from normal discs is similar to that obtained for aggrecan ( Figure 6B ).
Formation rate of pentosidine in aggrecan and collagen of normal tissue
Pentosidine formation rates (k F ) in aggrecan (A1D1), its G1-domain (A1D6) and collagen from normal tissue were calculated using rate constants of protein turnover (k T ) obtained previously from measurements of aspartic residue racemization [15, 16] , as described in the Supplementary data. The pentosidine formation rate constants calculated for aggrecan (A1D1), its G1-domain (A1D6) and collagen, and averaged over all ages, are 1.81 + − 0.25, 3.18 + − 0.37 and 3.71 + − 0.26 µmol of pentosidine · (mol of lysine)
−1 · year −1 respectively (Table 1) . These k F values are [11, 17] , suggesting similar kinetics of non-enzymatic glycation in these tissues.
DISCUSSION
Both aging and pathology of the IVD are characterized by changes in composition and metabolism of the tissue constituents. Thus changes occur both in the amounts of aggrecan and collagen protein present as well as in the number of intermolecular crosslinks.
Pentosidine is an AGE that accumulates with age [1] in both normal and degenerate discs, as demonstrated here and in previous work [31, 33] . Its accumulation is governed primarily by two opposing linear processes, i.e. the rate of pentosidine formation on one hand, and the rate of protein turnover on the other (eqn 1). The availability of sugar molecules as well as steric factors that may hinder cross-linking is implicitly included in the pentosidine formation rate. After maturity, pentosidine accumulates at a lower rate in components with a faster turnover, e.g. aggrecan (A1) and collagen have accumulation rates of 0.12 and 0.66 nmol · (g of protein)
−1 · year −1 respectively. Similar formation rate constants are calculated here for collagen and aggrecan (A1D1) [3. 71 + − 0.26 compared with 1.81 + − 0.25 µmol of pentosidine · (mol of lysine) −1 · year −1 respectively]. The higher pentosidine accumulation in collagen is consistent with its lower turnover rate constant [0.005 year −1 as compared with 0.134 year −1 for aggrecan (A1D1)], obtained previously from the racemization of aspartic residue in the same tissue [15, 34] .
Pentosidine levels in the nucleus and the annulus (inner and outer sections) of both normal and degenerate discs were found to be similar, suggesting that protein turnover rates in the two regions [15, 16] , as well as availability of the components required for cross-linking, are also similar; this is true for both collagen and aggrecan. In a study carried out on degenerate and scoliotic discs, Duance et al. [31] also found little difference between the levels of pentosidine in collagen of the nucleus and the annulus from human IVD. In all cases, accumulation of pentosidine in degenerate discs was lower as compared with normal tissue [0.05 and 0.12 nmol · (g of protein)
−1 · year −1 respectively], suggesting that degenerate discs are actually 'younger', similar to the findings for osteoarthritic articular cartilage [7] . The 2-3-fold increase in pentosidine accumulation in collagen of degenerate discs between ages 30 and 60 years as measured here is comparable with that found for scoliotic discs in the same age range [31] .
An increase in pentosidine accumulation with decreasing buoyant density of aggrecan subfractions (particularly for the elderly samples) suggests differential and decreasing protein turnover rates in these fractions as confirmed by previous studies [7, 15] . The difference in age-related pentosidine accumulation between A1 and A1D1 is consistent with the data on aspartic residue racemization, where a clear age-related increase in D-aspartic residue is observed for A1, while no age-related change is observed for A1D1 [15, 17] . While the age-averaged rate constant of pentosidine formation (k F ) was only calculated to increase from 1.81 + − 0.25 µmol of pentosidine · (mol of lysine)
−1 · year
for A1D1 to 3.18 + − 0.37 µmol of pentosidine · (mol of lysine) −1 · year −1 for A1D6, the corresponding protein turnover rate (k T ) decreased from 0.134 + − 0.042 to 0.033 + − 0.0012 year −1 from A1D1 to A1D6, thereby explaining the significantly higher pentosidine accumulation in the latter.
It has been suggested that age-related changes in AGEs may alter the physical properties of connective tissues, thus contributing to the disease process itself. However, it is unclear whether the pentosidine itself has any direct influence on the tissue properties, as it is present in minute amounts. There are other AGEs that are present in more substantial amounts and are thought to have a greater influence on the properties of the tissue [35] [36] [37] .
Pentosidine accumulation, which can be assayed accurately, correlates with protein half-life, suggesting that it may be considered as a reliable, although non-linear, measure for turnover of long-lived proteins in both healthy and degenerate human IVDs. Of course, the accessibility of lysine groups for cross-linking and the concentration of sugar molecules are determinants of the pentosidine formation rate. However, the fact that in the present study we found the rate to be approximately the same, within a factor of two, for both collagen and aggrecan of normal IVD and for all sample ages indicates that there is little variability of these parameters in the tissue. In a previous study [15] , an attempt was made to address the question regarding the origin of the small aggregated PGs as well as the non-aggregated PGs in human IVD, using the racemization of aspartic residue as a tool for determining in vivo turnover rates of different PG populations, in both normal and pathological tissues. Our current finding that pentosidine accumulation in the non-aggregated PGs of a normal 24-year-old specimen is similar to that measured for aggregated PGs (P > 0.05, Figure 6 ) and hence may be considered to be of similar molecular age suggests that the non-aggregated PGs were synthesized at the same time as aggregated PGs. This is in accordance with data obtained for the racemization of aspartic residue [15] . As there is no evidence to support the existence of unique gene products with structures similar to the nonaggregated PGs, the data are compatible with the non-aggregated PGs being synthesized as aggregating PGs that were later cleaved by proteolysis. The PG degradation products that were no longer able to interact with hyaluronan then formed the non-aggregated PGs [27] . Retention of such non-aggregating fragments of aggrecan within the extracellular matrix appears to be unique to the IVD and does not occur in articular cartilage. This probably reflects the large size and avascular nature of the disc, which prevents ready loss of large macromolecules by diffusion.
